During a certain critical period in the development of the central and peripheral nervous systems, axonal branches and synapses are massively reorganized to form mature connections. In this process, neurons search their appropriate targets, expanding and/or retracting their axons. Recent work suggested that the caspase superfamily regulates the axon morphology. Here, we tested the hypothesis that caspase 3, which is one of the major executioners in apoptotic cell death, is involved in regulating the axon arborization. The embryonic chicken ciliary ganglion was used as a model system of synapse reorganization. A dominant negative mutant of caspase-3 precursor (C3DN) was made and overexpressed in presynaptic neurons in the midbrain to interfere with the intrinsic caspase-3 activity using an in ovo electroporation method. The axon arborization pattern was 3-dimensionally and quantitatively analyzed in the ciliary ganglion. The overexpression of C3DN significantly reduced the number of branching points, the branch order and the complexity index, whereas it significantly elongated the terminal branches at E6. It also increased the internodal distance significantly at E8. But, these effects were negligible at E10 or later. During E6-8, there appeared to be a dynamic balance in the axon arborization pattern between the "targeting" mode, which is accompanied by elongation of terminal branches and the pruning of collateral branches, and the "pathfinding" mode, which is accompanied by the retraction of terminal branches and the sprouting of new collateral branches. The local and transient activation of caspase 3 could direct the balance towards the pathfinding mode.
Introduction
During development of the central and peripheral nervous systems, the axons of presynaptic neurons innervate the target tissue to make connections with the postsynaptic cells. However, the presynaptic axons are massively reorganized in their arborization to form a mature neuronal circuit. They branch frequently and contact with many postsynaptic cells in the earlier stages. On the other hand, in the later stages, the excessive branches are pruned to adjust for the appropriate number of postsynaptic cells (Coleman 2005; Vanderhaeghen & Cheng 2010) . As a result, the information flow in the neural network is optimized in terms of both divergence and convergence. The transient expansion and the subsequent contraction of axonal branches appear to be general rules of both the central and peripheral nervous system (Luo & O'Leary 2005) , such as the vertebrate neuromuscular junction (Sanes & Lichtman 1999) , the chicken optic tectum (Nakamura & O'Leary 1989) and the mammal neocortex (Antonini & Stryker 1993; Portera-Cailliau et al. 2005) . However, the mechanisms regulating the balance between expansion and contraction have not been revealed at the molecular level.
Caspases are a family of cysteine proteases that cleave their substrates at specific sites to modify their activities in the direction of either up-or downregulation. Among them executioner caspases such as caspase 3, 6 and 7 have been characterized as the major effectors of apoptotic cell death during development (Li & Yuan 2008; D'Amelio et al. 2012; McIlwain et al. 2013 ). However, their non-lethal functions have been remarked recently (Unsain & Barker 2015) . For example, the activation of caspase 3 facilitated the chemotropic growth cone collapse of retinal neurons (Campbell & Holt 2003) , whereas it was required for the neural cell adhesion molecule (NCAM)-induced neurite outgrowth of cultured hippocampal neurons (Westphal et al. 2010) and for the growth cone formation during regeneration of the transected axons of dorsal root ganglion neurons (Verma et al. 2005; € Ozt€ urk et al. 2013) . However, it was not involved in the fragmentation of degenerating axon ( € Ozt€ urk et al. 2013) . The inhibition or knockdown of caspase 6 prevented the axon fragmentation of neurons induced by neurotrophic depletion, whereas the knockdown of caspase 3 did not (Nikolaev et al. 2009 ). The localized activation of executioner caspases was indeed supported by the observation that their precursors and/or activated forms were distributed in developing axons (Nikolaev et al. 2009; € Ozt€ urk et al. 2013) . These lines of evidence compelled us to consider whether the executioner caspases could be involved in the regulation of axon arborization during development.
As one of the model systems of neuro-neuronal connections, calyx-type large synapses, which are formed in the ciliary ganglion (CG), a parasympathetic ganglion behind the eye of chick embryo, have been studied intensively for decades in terms of both morphology and physiology. The neurons of the Edinger-Westphal (EW) nucleus in the midbrain innervate the ipsilateral ganglion through the oculomotor nerve and form functional cholinergic synapses on the postsynaptic ciliary cells between Hamburger-Hamilton (HH) stage 26 (embryonic day 5, E5) and 33 (E8) (Hamburger & Hamilton 1951; Landmesser & Pilar 1972) . By HH stage 36 (E10)-40 (E14), a single presynaptic terminal expands to form a calyx that engulfs a large part of the postsynaptic cell soma (Dryer 1994) . Physiologically, this calyx-type synapse has been a model of one-to-one-type neuronal synapses for the investigation of presynaptic mechanisms (Martin & Pilar 1963; Yawo & Chuhma 1993; Yawo & Momiyama 1993) . Recently, Egawa et al. (2013) removed obstacles that for a decade had hindered molecular studies of the presynaptic axon. They evaluated the effectiveness of gene manipulation in the chick CG synapse using an in ovo electroporation technique (Odani et al. 2008) . Consequently, this classical model synapse has been revived as a novel experimental platform for studying the morphology, physiology and development of the presynaptic terminal.
In the present study we tested the hypothesis that caspase 3 is involved in the regulation of axon arborization during development using chick CG as a model system. Because of the relatively small size of CG, using the in ovo electroporation technique in combination with the tissue clearing method, we were able to trace axonal branches three-dimensionally as a whole in the ganglion. Numerical analysis of the presynaptic axon morphology revealed that its arborization pattern is affected by the overexpression of a dominant negative mutant of caspase-3 precursor (C3DN), at least in the earlier developmental stages. In these stages, there appears to be a dynamic balance in the axon arborization pattern between the "pathfinding" mode, which is accompanied by the retraction of terminal branches and the sprouting of new collateral branches, and the "targeting" mode, which is accompanied by elongation of the terminal branches and pruning of the collateral branches. The activation of caspase 3 may shift the balance in the direction of pathfinding mode to promote the sprouting of new collateral branches while inhibiting the terminal elongation.
Materials and methods

Plasmids
The cDNA of Gallus gallus caspase-3 precursor was obtained from a cDNA library of chicken embryo using an appropriate set of primers designed according to its nucleotide sequence (GenBank accession number NM_204725). To generate the dominant-negative precursor (C3DN), the consensus sequence of catalytic domain, 5 0 -caggccTGTagagga-3 0 (QACRG) was mutated to 5 0 -caggccGCTagagga-3 0 (QAARG) with/without the FLAG sequence (Aouad et al. 2004) .
For the primary culture experiments shown in Figure 2 , the plasmid vectors, pCAGGS-CD8-PARP (poly-ADPribose polymerase-1)-Venus, pCAG-tdTomato-WPRE and pCAG-C3DN-FLAG-P2A-tdTomato-WPRE, were prepared to evaluate the caspase-3 activity and the effectiveness of C3DN. The CD8-PARP-Venus construct was a generous gift from Dr. Shu Kondo (Williams et al. 2006) . For the axon tracing experiments in Figures  3 and 4 , the plasmid vectors, Thy1S-mCherry-NCre, pCAG-floxedSTOP-tdTomato-WPRE and pCAG-floxed-STOP-C3DN-FLAG-P2A-tdTomato-WPRE, were prepared to label the preganglionic axon sparsely. The pThy1S-mCherry-NCre was made from pThy1S (gift from Dr. Hiroshi Kawasaki, Ako et al. 2011 ) and mCherry-NCre constructs (Egawa et al. 2013) .
Dominant negative assay
The competent cells, BL21(DE3)pLysS (Agilent Technology, Santa Clara, CA, USA) were transfected with His-tagged C3DN cDNA and grown at 37°C for 12 h in the appropriate medium. The cell extract was ª 2017 Japanese Society of Developmental Biologists passed through HisTrap FF crude 1 mL (GE Healthcare UK Ltd, Buckinghamshire, UK) and the purified protein was eluted, desalted and concentrated using a 3000 Da molecular cut off Amicon ultra centrifugal filter (Merck, KGaA, Darmstadt, Germany) and quantified by the Lowry method (Nacalai Tesque Inc, Kyoto, Japan).
Chicken hemo-lymphocytic cells (DT40; RIKEN BioResource Center, Tsukuba, Japan) were grown in culture medium at 39°C, 5% CO 2 in humid atmosphere incubator. After treatment with 1 lmol/L staurosporine (Wako Pure Chemical Industries, Ltd., Osaka, Japan) for 6 h, the DT40 cells were collected and lysed with lysis buffer containing 0.1% w/v CHAPS, 0.1 mM EDTA and 1 mmol/L dithiothreitol (DTT). The lysate was stored at À80°C before usage. The lysate taken from the DT40 cells that did not react to staurosporine was used as a control.
The DT40 lysate (247 ng protein/lL) and recombinant C3DN (25 pg/lL) were mixed and incubated at 37°C for 30 min. The mixture was added at equal volumes with the reaction buffer (pH7.4) containing 10 mmol/L HEPES, 100 mmol/L NaCl, 0.1% w/v CHAPS, 1 mmol/L EDTA, 10% glycerol, 10 mmol/L DTT and 20 lmol/L Ac-DEVD-AMC (Enzo Lifescience, Inc., New York, NY, USA). The triplicate fluorescence intensities (au., excitation: 355 nm; emission: 460 nm) of cleaved Ac-DEVD-AMC were measured every 2 min in a microplate reader (Gemini-XPS; Molecular Devices LLC., Sunnyvale, CA, USA) at 37°C. As the fluorescence intensity increased almost linearly with time between 0 and 20 min, the extrapolated value at 0 min was adopted as the caspase 3 activities. The triplicate basal activities were similarly measured for the control lysate and their average value was subtracted to evaluate the effects of C3DN.
Chick embryo preparation
White Leghorn embryonated chick eggs (Koiwai Farm Products, Ltd., Shizukuishi, Japan) were incubated at 38°C in a humid atmosphere until they reached the appropriate stages (Hamburger & Hamilton 1951 , the embryos were decapitated and the CGs with oculomotor nerves were isolated, fixed in 4% paraformaldehyde (PFA) in a phosphate buffered saline (PBS) and cleared 1 day before imaging using "clear, unobstructed brain imaging cocktails" (CUBIC) reagent-1 (Susaki et al. 2014 ) which contained 25% (w/v) urea (Nacalai Tesque), 25% (w/v) N, N, N', N'-tetrakis (2-hydroxypropyl)-ethylenediamine (Tokyo Chemical Industry CO., LTD, Tokyo, Japan) and 15% (w/v) Triton X-100 (Nacalai Tesque).
In ovo electroporation
In ovo electroporation was performed as described previously (Egawa et al. 2013) . Briefly, a mixture of the plasmid vectors diluted in double-distilled water (D 2 W) were injected with Fast Green FCF (0.05%) into the midbrain ventricular space of E2 chick embryos (stage 14-16); a pair of parallel electrodes was placed on the embryonic brain in order to sandwich the midbrain region, and a rectangular pulse (25 V, 50 ms) was charged four times at an interval of 950 ms (CUY21E-DIT; BEX company, Tokyo, Japan).
Primary culture of the midbrain neurons
The midbrain neurons were transfected with the plasmid vectors by in ovo electroporation at E2, sampled en bloc from E4 embryo, dissociated (Nerve-cell culture system; Sumitomo Bakelite Co., LTD., Tokyo, Japan) and cultured at 0.8-1.2 9 10 6 cells/mL in culture medium (RPMI1640; Thermo Fisher Scientific, Waltham, MA, USA) containing 10% fetal bovine serum (Thermo Fisher Scientific), 5% chicken serum (Thermo Fisher Scientific), 50 lmol/L 2-Mercaptoethanol (Nacalai Tesque), 2 mmol/L L-glutamate and penicillin-streptomycin (100 units/mL and 100 lg/mL; Nacalai Tesque) at 39°C.
Immunocytochemistry
The cultured neurons were fixed in 4% PFA diluted in PBS at 4°C, blocked with PBS containing 5% normal goat serum and 0.1% Triton X-100 for 1 h and reacted with the primary antibodies for overnight at 4°C; rabbit anti-human cPARP antibody (1:1000, ab32561; Abcam, Cambridge, UK) and rat anti-GFP antibody (1:1000, 04404-84; Nacalai Tesque), then incubated for 1 h with the secondary antibodies: Alexa fluor 546-conjugated or Alexa fluor 633-conjugated goat antirabbit IgG and Alexa fluor 488-conjugated goat anti-rat IgG (each, 1:500; Thermo Fisher Scientific).
Image acquisition and analysis
The cultured neurons were imaged under confocal microscopy (LSM 710; Carl Zeiss, Oberkochen, Germany). The images were processed and analyzed using ImageJ software (National Institutes of Health, Bethesda, MD, USA) and Adobe Photoshop CS2 software (ver. 9.02; Adobe Systems Inc., San Jose, CA, USA).
The CUBIC-immersed transparent CG was threedimensionally imaged under a 2-photon microscopy (A1R MP; Nikon, Tokyo, Japan) and each axon was manually traced using Neurolucida software (MicroBrightField Japan, Inc., Chiba, Japan) and ª 2017 Japanese Society of Developmental Biologists reconstructed using FluoRender software (http://www.f luorender.com). Quantitative information of each traced axon was calculated with Neurolucida Explorer software and analyzed with Excel software (Microsoft Japan, Tokyo, Japan).
Statistics
All data in the text and figures are presented as the mean AE SEM. Two-sample Kolmogorov-Smirnov test was used for statistical analysis (*: P < 0.05, **: P < 0.005, ***: P < 0.0005) unless otherwise noted.
Results
The evaluation of dominant-negative caspase-3 mutant Canonically, the inactive precursors of executioner caspases such as caspase 3 are cleaved by initiator caspases such as caspase 8 and 9 to form active dimers consisting of two large and two small subunits. To inhibit the intrinsic activity of caspase 3 we adopted a strategy to overexpress the consensus catalytic domain (QACRG) mutant of caspase-3 precursor (Fig. 1A ) in the presynaptic EW neurons (Aouad et al. 2004; Hermel et al. 2004 ) while minimizing the involvement of compensatory caspase pathways, which are often used in knockout/down experiments (Troy et al. 2001) . The QA(C170A)RG mutant of the caspase-3 precursor is cleaved to form large and small subunits. As a result, the caspase-3 dimer containing a mutated large subunit becomes inert as a protease. Indeed, the QA(C170A)RG mutant of caspase 3 attenuated the enzymatic activity of caspase 3 significantly (n = 3, P < 0.0005, Student's two-tailed t-test) as a dominant-negative inhibitor (C3DN) (Fig. 1B) . The expression construct consisted of C3DN cDNA and tdTomato cDNA connected with the P2A sequence (Fig. 1A) . Therefore, the neurons with tdTomato fluorescence were expected to overexpress the C3DN with reduced activity of caspase 3.
Localized activation of caspse 3 in the developing axon
To test the localized activation of caspase 3, we expressed a genetically encoded reporter using a membrane-targeted caspase substrate, poly-ADP-ribose polymerase-1 (PARP), which is cleaved by executioner caspases such as caspase 3, in the midbrain neurons. The neurons were dissociated at E4 and examined the distribution of the cleaved PARP immunoreactivity (cPARP-IR) (Williams et al. 2006 ) after culturing for 2-8 days. As shown in Figure 2A1 , B1 and C1, the neurons expressing CD8-PARP-Venus were identified by the expression of Venus (n = 60) at 2 days in vitro (DIV2). Although 1/60 neurons showed cPARP-IR in the soma (Fig. 2A2) , the others did not. In the latter, the cPARP-IR was often identified regionally in neurites of neurons expressing Venus, which is a marker of substrate PARP (6/60 neurons), particularly at the ends or the bifurcating regions (Fig. 2B) . Sometimes, the cPARP-IR-positive regions were fragmented and/or disconnected from the neuron (Fig. 2C) . On the other hand, the cPARP-IR was rare in the Venus-positive neurons at later developmental stages, such as DIV4 (0/31 neurons), DIV6 (1/35 neurons) and DIV8 (2/31 neurons). None of them expressed cPARP-IR in the soma. The cPARP-IR was also rare in the midbrain neurons which overexpressed C3DN; 1/41 neurons at DIV2.
Development of axonal arborization
To trace the presynaptic axon with high spatial resolution, we expressed tdTomato in a limited population of preganglionic neurons using the sparse gene expression system (Ako et al. 2011) with an in ovo ª 2017 Japanese Society of Developmental Biologists electroporation technique (Odani et al. 2008) . The arborization of each axon was then three-dimensionally traced and quantitatively analyzed (quantitative connectomics) throughout HH stages 29 (E6)-38 (E12) after tissue clearing using CUBIC (Susaki et al. 2014 ) (Movie S1). In the control E6 ganglion each tdTomato-positive axon, which was not introduced with C3DN cDNA, branched frequently with bouton-like terminals ( Fig. 3A1 and A2) , as indicated by the dendrogram (Fig. 3A3) . The number of branches were progressively reduced at E8 (Figs 2B3-3B1) and E10 ( Fig. 3C1-C3) . Finally, at E12, each presynaptic axon terminated at a
(C1) (C2) (C3) Fig. 2 . Localized activation of caspase 3. The plasmid, pCAGGS-CD8-PARP-Venus was introduced in the midbrain at E2 using in ovo electroporation. The chick brain neurons were cultured at E4. The CD8-PARP-Venus-expressing midbrain neurons were identified under confocal microscopy at 2 DIV (left, green). The two panels on the right are the cPARP immunoreactivity (cPARP-IR, magenta) and the merge. Each region enclosed in the broken-lined square was enlarged in the inset. (A1-3) The cPARP-IR in the apoptotic neuron. (B1-3) Typical cPARP-IR along neurites at the ends as well as the bifurcating regions. (C1-3) The cPARP-IR found in the fragmented and/or disconnected regions from the neuron. Scales: 10 lm for A1-3, 20 lm for B1-3 and C1-3 and 2 lm for insets of B1-3 and C1-3.
ª 2017 Japanese Society of Developmental Biologists single postsynaptic neuron with a calyx-type ending ( Fig. 3D1-D3 ). When the C3DN-overexpressing axons were traced, as shown in Figure 4 , the axonal arborization appeared to be less complex than the control at E6 (Fig. 4A3 ) and E8 (Fig. 4B3 ) but as simple as the control at E10 (Fig. 4C3 ) and E12 (Fig. 4D3) .
As the branching pattern of each axon innervating the ganglion was variable from one axon to another, particularly at the early stages such as E6-8, the morphology was quantitatively investigated. We adopted four quantities to characterize the arborization pattern of an axon; the maximal order (M), the number of nodes (N), the mean internodal distance (K) and the mean terminal length (L) (Fig. 5A ), as these quantities were dependent on the developmental stages (Fig. 6, Table 1 ). The distribution of M showed a tendency to shift to smaller value with development. Indeed, the reductions from E6 to E10, E6 to E12, E8 to E10 and E8 to E12 were statistically significant (Fig. 6A and B , Kolmogorov-Smirnov test) . Similarly the distribution of N also had a tendency to shift to smaller values with development: significant differences between E6 and E10, E6 and E12, E8 and E10 as well as E8 and E12 (Fig. 6C and D, Kolmogorov-Smirnov test). On the other hand, K tended to increase with development, although its distribution at E12 was not investigated because of the small size of Fig. 3 . Developmental changes of axon arborization in the ciliary ganglion. (A1-3) The presynaptic axon arborization pattern in the control ganglion at E6; confocal Z-stack image projection of tdTomato fluorescence after tissue clearing (A1), the axon traces using Neurolucida software (A2) and the sample dendrograms (A3). The eight dendrograms on the left were obtained from the same ganglion shown in A1 and A2, whereas the four on the right were from another ganglion. (B1-3) Similar to (A1-3), but the control ganglion at E8. The two dendrograms on the left were obtained from the same ganglion shown in B1 and B2, whereas the five on the right were from another ganglion. (C1-3) Similar to (A1-3), but the control ganglion at E10. The two dendrograms on the left were obtained from the same ganglion shown in C1 and C2, whereas the eight on the right were from another ganglion. (D1-3) Similar to (A1-3), but the control ganglion at E12. The top six dendrograms were obtained from the same ganglion shown in D1 and D2, whereas the bottom six were from another ganglion. In each panel, the calyx-type axon terminals are indicated by circles. Scale, 100 lm for A1-2, B1-2, C1-2 and D1-2, whereas 200 lm for A3, B3, C3 and D3.
ª 2017 Japanese Society of Developmental Biologists population: there were significant differences between E6 and E8, E6 and E10 as well as E8 and E10 (Fig. 6E and F, Kolmogorov-Smirnov test). Similarly, a significant enlargement of L was observed with development ( Fig. 6G and H, Kolmogorov-Smirnov test). Therefore, the axon branched less frequently in later stages while the branch length increased further. Actually, the total branch length in the ganglion was distributed similarly among developmental stages ( Fig. 6I and J) .
Arborization patterns of C3DN-expressing axons
The involvement of caspase 3 in the arborization pattern was investigated by the overexpression of C3DN in the presynaptic EW neurons. Again, their axons were labeled by tdTomato using an expression plasmid in which tdTomato cDNA was conjugated at the 3 0 end of C3DN gene via P2A construct. The arborization pattern of an axon expressing C3DN was again characterized by the above morphological parameters, M, N, K and L (Table 1) . At early developmental stages (E6-8), the expression of C3DN tended to reduce M and N. The distribution of M at E6 was significantly different between control and C3DN, but not at E8 (Fig. 7A and B) . The distribution of N at E6 was significantly different between the control and C3DN, but not at E8 (Fig. 7D and E) . On the other hand, the expression of C3DN tended to increase K Fig. 4 . Arborization of the C3DN-overexpressing axons. (A1-3) The presynaptic axon arborization pattern at E6; confocal Z-stack image projection of tdTomato fluorescence after tissue clearing (A1), the axon traces using Neurolucida software (A2) and the sample dendrograms (A3). The dendrogram on the left was obtained from the same ganglion shown in A1 and A2, whereas the eight on the right were from other two ganglia. (B1-3) Similar to (A1-3), but the C3DN-overexpressing axons at E8. The four dendrograms on the left were obtained from the same ganglion shown in B1 and B2, whereas the six on the right were from another ganglion. (C1-3) Similar to (A1-3), but the C3DN-overexpressing axons at E10. The four dendrograms on the left were obtained from the same ganglion shown in C1 and C2, whereas the seven on the right were from other two ganglia. (D1-3) Similar to (A1-3), but the C3DN-overexpressing axons at E12. The nine dendrograms were obtained from the same ganglion shown in D1 and D2. In each panel, the calyx-type axon terminals are indicated by circles. Scale, 100 lm for A1-2, B1-2, C1-2 and D1-2, whereas 200 lm for A3, B3, C3 and D3.
ª 2017 Japanese Society of Developmental Biologists and L. Although the distribution of K at E6 was insignificantly different between the control and C3DN (Fig. 7G) , it was significantly different at E8 (Fig. 7H) . The distribution of L at E6 was significantly different between the control and C3DN, but not at E8 (Fig. 7J  and K) . No parameter showed any significant difference between control and C3DN at E10 or later (Fig. 7C, F, I and L).
Although M and N were correlated with the correlation coefficients of 0.95 (E6), 0.90 (E8), 0.96 (E10) and 1.0 (E12), the quotient H = N/M represented the complexity of branching pattern (the complexity index, Fig. 5B ). The H was also dependent on the developmental stage and its distribution showed a tendency to shift to a smaller value with development (Fig. 8A) .
Indeed, the reduction from E6 to E8, E10 or E12 and from E8 to E10 or E12 was statistically significant (Fig. 8B , Kolmogorov-Smirnov test). At early The distribution (cumulative probability plot) of the total branch length at E6-12. (J) Summary of the total branch length (mean AE SEM) at E6-12. *, P < 0.05 and **, P < 0.005, Kolmogrov-Smirnov test. , E6; , E8; , E10; , E12.
ª 2017 Japanese Society of Developmental Biologists Table 1) . The distribution of H was significantly different at E6 between the control and C3DN (Fig. 8C ) whereas not at E8 or later ( Fig. 8D and E). The term N + 1 represents the number of terminal branches. Therefore, the term L(N + 1) is equal to the total terminal length. Its distribution was not dependent on the developmental stage (Fig. S1 ), particularly at early stages between E6 and 8: 265 AE 34 lm (E6) and 308 AE 39 lm (E8). Indeed the L has a tendency to be reciprocally related to the number of terminal branches (N + 1) between E6 and 8 (Fig. 9A) . The C3DN-expressing axons were also distributed around this reciprocal relationship but were clustered in the region with smaller (N + 1) and larger L (Fig. 9B) .
Discussion
In this study we tested the hypothesis that caspase 3 is involved in regulating the arborization of the developing axons. We overexpressed the dominant-negative forms of caspase 3 (C3DN), which actually inhibited the intrinsic caspase-3 activity, in some of the preganglionic neurons of the chick ciliary ganglion in the midbrain EW nucleus. If the number of dominant-negative forms is n-fold larger than that of native forms, the proteolytic activity is calculated to become 1/(n + 1) 2 of the native form alone as the caspase becomes active by the assembly of two sets of cleaved subunits. From E6 to12, the arborization of each expressed axon was traced three-dimensionally using a fluorescent marker, tdTomato, which was encoded with the cDNA of C3DN in the expression plasmid vector using an upstream P2A sequence. Therefore, it is anticipated that each axon identified by the tdTomato fluorescence should overexpress C3DN to downregulate the caspase-3 activity. Indeed, the EGFP-conjugated C3DN was distributed widely in the Fig. 8. Complexity index. (A) The distribution (cumulative probability plot) of the complexity index (H), which is defined as H = N/M, in the cumulative probability plot at E6 ( ), E8 ( ), E10 ( ) and E12 ( ). (B) Summary of H (mean AE SEM) at E6 (dark blue), E8 (blue), E10 (sky blue) and E12 (light sky blue). (C) and (D) Each panel is the distribution of H of the control (blue) and the C3DN-expressing axons (red) at E6, E8 and E10, respectively, from left to right. *, P < 0.05 and **, P < 0.005, Kolmogrov-Smirnov test. , Control;
, C3DN. ª 2017 Japanese Society of Developmental Biologists presynaptic axons in the ganglion through development from E6 to E12, when expressed in the midbrain using in ovo electroporation (Movies S2, S3, S4 and S5). Our quantitative analysis revealed that the arborization pattern of the presynaptic axons was significantly affected by the overexpression of C3DN at earlier stages of development from E6 to 8, but not at later stages such as E10 and 12. It is possible that caspase 3 is involved in the regulation of presynaptic arborization, particularly at the earlier stages of development. This notion is consistent with the frequent emergence of cPARP-IR, the product of caspase 3-dependent cleavage, in the axons of midbrain neurons in culture at 2 DIV. However, additional experiments such as knockdown of the caspase-3 expression using specific siRNAs (Campbell & Okamoto, 2013) , for example, would be necessary to confirm our conclusion because the dominant-negative forms were not perfectly guaranteed in their selectivity and effectiveness.
Developmental changes of axonal arborization
The axons of midbrain motor neurons start to extend their axons to form the oculomotor nerve at HH stage 25 (E4.5) and to innervate in the CG before HH stage 26.5 (E5) (Landmesser & Pilar 1972; Hou et al. 2009) . Following transient expansion, we found that a massive change of the axonal arborization occurs in the ganglion between E6 and 12 of the chick embryo. That is, the relatively complex pattern with many branches at earlier stages is pruned off and become a simple form without extra branches. As a result, almost every axon terminated on a single postsynaptic neuron with a single calyx before E12. Quantitatively, both M and N were reduced while K and L increased. These morphological parameters were not independent. For example, M and N were highly correlated, although the quotient H = N/M, which represents the complexity of branching, decreased with development. If a branch is pruned away at one of the end nodes, L should be increased with the reduction of N. Conversely, L should be decreased with the increase of N if a new branch sprouts from a terminal branch. Indeed, L had a tendency to be reciprocally related to the number of terminal branches which is equal to N + 1. Therefore, there appeared to be a homeostatic balance that keeps the total terminal length approximately constant during the early stages of development (E6-8).
Possible regulation of axonal arborization by caspase 3
We found that C3DN overexpression consistently modified the axonal arborization at early stages of development (E6), with a reduction of M, N and H and increase of K and L. A similar tendency was observed at E8, but was statistically insignificant except for K. Therefore, the activation of caspase 3 could facilitate the sprouting of new branches. The reduction of L appeared to be related to this result because the arborization pattern of axons overexpressing C3DN mostly followed the homeostatic relationship between L and N + 1. However, its effect on K was complex as there appeared to be no rule between K and N among control axons and those expressing C3DN (Fig. S2 ). These observations led us to propose that there should be a dynamic balance between at least two modes of axon arborization: the "pathfinding" mode that decreases L and K with an increase of M, N and H, and the "targeting" mode that increases L and K with a decrease of M, N and H. That is, the retraction of terminal branches and the sprouting of new collateral branches occur in the "pathfinding" mode, whereas the elongation of terminal branches and the pruning of collateral branches occur in the "targeting" mode. Although the weight shifted towards the targeting mode during development, it is possible that the activation of caspase 3 shifts the balance in the direction of the pathfinding mode. Indeed, the local activation of caspases 3, 8 or 9 occurs immediately before or during, but not after the generation of a new branch of the axon of a retinal ganglion cell in the optic tectum of embryonic zebrafish in a manner dependent on caspase 3, caspase 9 or p38 MAPK (Campbell & Okamoto, 2013) .
At present, it is difficult to determine if the reduction of L is related to caspase activity directly or indirectly. However, the growth cones navigate towards the targets by the aid of several chemotropic cues in the environment; some of them act as the attractors and others as the repellents. Among them, netlin-1 and lysophosphatidic acid, but not semaphorin 3A, induce the growth cone collapse of retinal neurons through activating caspase 3 (Campbell & Holt 2003) . This is probably through the cleavage of cytoskeletal elements such as actin or actin-binding proteins (e.g. gelsolin) in the growing axon (Kothakota et al. 1997; Brockstedt et al. 1998; Walsh et al. 2008) . In addition, growth-regulatory proteins, such as GAP43, are cleavage targets of caspase 3 (Han et al. 2013) . In the canonical activation cascade, caspase 6 is downstream of caspase 3 (Hirata et al. 1998; Slee et al. 1999; Walsh et al. 2008) . However, the direct effects of caspase 3 that are not dependent on the activation of caspase 6 may also be involved in regulating the terminal length (Degterev et al. 2003) .
The cytoskeletal elements are also the major determinants of the arborization pattern of an axon (Gallo, 2011) . In the present study, the effects of C3DN were ª 2017 Japanese Society of Developmental Biologists significant in terms of N and H. Such sprouting of new collateral branches should be associated with the reorganization of cytoskeletal elements by the caspase activity as they are the major substrates of caspases (Nicholson 1999; Luthi & Martin 2007; NdozangueTouriguine et al. 2008; Fridman et al. 2013) . For example, inside the axon, microtubules run straight and parallel, being stabilized by the microtubules-associated proteins (MAPs), such as tau. The sprouting of new branches is associated with the localized fragmentation and reorganization of microtubules (Yu et al. 1994; Kalil et al. 2000; Gallo 2011 ). The activated caspase 3 may cleave a-tubulin and/or tau to destabilize the microtubules (Fasulo et al. 2000; Gamblin et al. 2003; Rissman et al. 2004; Cotman et al. 2005; Klaiman et al. 2008; Sokolowski et al. 2014) . It is possible that the molecular mechanisms underlying the sprouting of new branches is different from that involved in regulating the terminal length. The caspase-dependent cytoskeletal cleavage may be localized to the branching region of the axon in the case of physiological development, but occurs at multiple sites in pathological axon fragmentation such that induced by neurotrophic depletion (Nikolaev et al. 2009; Simon et al. 2012; Sokolowski et al. 2014) . These and other similarities to the neurodegeneration in Alzheimer's disease should be investigated further at the molecular level (Cotman et al. 2005) .
On the other hand, at the later stages of development (E10-12), the effects of C3DN on the axonal arborization were almost negligible. In the present study we used Thy1S promotor (Ako et al. 2011) to express dominant-negative forms of caspases in a small population of presynaptic neurons to enable the tracing of axon arborization as a whole in the CG. As a result, the expression of Cre recombinase and the subsequent removal of floxed STOP sequence occurred at a certain low probability. As the number of presynaptic neurons that express C3DN is expected to increase with the progress of development, it is difficult to determine whether caspase activity had been inhibited from the earlier stages in a tdTomato-expressing axon. It is possible that the participation of caspase 3 is transient for axon arborization only during earlier stages such as E6. In fact, the cPARP-IR showed a tendency to be localized at the ends or the bifurcating regions of neurites of the midbrain neurons at 2 DIV, the equivalent of the presynaptic EW neurons at E6. Its appearance in the fragmented/disconnected neurites is also consistent with the notion that active caspase 3 is involved in pruning of the neurites. The caspase 3 activity should be kept localized and transient through negative feedback mechanisms such as those mediated by the inhibitor of apoptosis (IAP) proteins (Kuranaga & Miura 2007; Unsain & Barker 2015) .
Probably, the localized activation of caspase 3 is inhibited in the later stages. Alternatively, other regulatory mechanisms could also be involved and compensate for developmental abnormalities caused by C3DN. This problem could be clarified by the temporal control of gene expression such that usied in tTA-tetO system.
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